Abstract Lovelock theory is the natural extension of general relativity to higher dimensions. It can be also thought of as a toy model for ghost-free higher curvature gravity. It admits a family of AdS vacua, most (but not all) of them supporting black holes that display interesting features. This provides an appealing arena to explore different holographic aspects in the context of the AdS/CFT correspondence.
Lovelock theory
While classical gravity seems well-described by the Einstein-Hilbert action, quantum corrections generically involve higher curvature terms. This is the case, for instance, of α ′ corrections in string theory. On general grounds, higher curvature terms arise in Wilsonian low-energy effective descriptions of gravity.
The inclusion of higher curvature corrections customarily leads to higher order equations of motion. They are consequently argued to be plagued of ghosts. Despite that, David Lovelock tackled the problem some four decades ago finding the most general situation leading to second order Euler-Lagrange equations [1] . He showed that, whereas in four dimensions General Relativity is the natural answer, higher dimensional scenarios lead to the appearance of higher curvature contributions to the action, on equal footing with the Einstein-Hilbert term. The action of Lovelock theory is given, in d space-time dimensions, by a sum of K ≤ [
which admit a compact expression in terms of differential forms
where ε a 1 ···a d is the anti-symmetric symbol, R ab := dω ab + ω a c ∧ ω cb is the Riemann curvature 2-form, computed from the spin connection 1-form ω ab , and e a is the vierbein 1-form. By construction, Lovelock theories are intrinsically higher dimensional.
It is easy to see that the first two terms (most general up to d = 4) are quite familiar; I 0 gives the cosmological term while I 1 is nothing but the Einstein-Hilbert (EH) action. Their normalization is fixed along this talk as
or, in terms of the more familiar dimensionfull quantities of General Relativity,
G N being the Newton constant. For d ≥ 5, for instance, we have the Lanczos-GaussBonnet (LGB) term [2] (c 2 = λ L 2 ),
while for d ≥ 7, we introduce the cubic Lovelock Lagrangian (c 3 = µ L 4 ), 
By simple comparison of (2) and, say, (6) , the advantages of the so-called first order formalism become manifest. The equations of motion are obtained by varying independently with respect to the vierbein and the spin connection. The latter can be solved by simply setting the torsion T a := de a + ω a b ∧ e b to zero. This is not the most general solution, but the one we will consider along this talk, since it allows us to make contact with the second order metric formulation of gravity.
The equations of motion, when varying the vierbein, can be cast into the form
which neatly displays the fact that these theories admit (up to) K constant curvature maximally symmetric vacua,
The effective cosmological constants turn out to be the (real) roots of the character-
We will see that many important features of these theories and their black hole solutions are governed by this polynomial. Degeneracies arise when its discriminant,
vanishes. This is typically associated with symmetry enhancement and/or the emergence of non-generic features of Lovelock theory. Even though they can be fairly interesting (see [3] for a recent example), we will mostly deal with the ∆ = 0 case throughout this presentation. For the sake of clarity, let us briefly consider the K = 2 case. This amounts to the inclusion of the LGB term which, for instance, arises in superstring theory [4, 5, 6] . Being quadratic, the roots of the polynomial ϒ [Λ ] can be explicitly sorted out:
The CS subscript in λ CS amounts for Chern-Simons, since that is the critical value of λ for which the theory acquires an extra symmetry (in d = 5) becoming a gauge theory for the AdS group [7] . For 0 < λ < λ CS the theory has two AdS vacua; 1 Λ + is known to be unstable [8] . 
in order to correspond to a vacuum that hosts gravitons propagating with the right sign of the kinetic term. Else, if ϒ ′ [Λ ⋆ ] is negative, we say that the corresponding vacuum is affected by Boulware-Deser (BD) instabilities. On top of the maximally symmetric vacua, we are interested in shockwave backgrounds of Lovelock theory. We want to show that in the presence of a shockwave there is room for causality violation [9] . This will raise the question whether all possible values of Lovelock's couplings, c k , lead to physically sensible theories of gravity. The shockwave solution on AdS, with cosmological constant Λ ⋆ , reads [9] 
where z = L 2 ⋆ /r is the Poincaré radial direction, u, v = x 0 ± x d−1 are light-cone coordinates, and x are the remaining d − 3 spatial directions. L ⋆ is the AdS ra-dius corresponding to the branch on top of which we construct the shockwave, L ⋆ ∼ (−Λ ⋆ ) −1/2 . We should think of F(u) as a distribution with support in u = 0, which we will finally identify as a Dirac delta function, F(u) = δ (u).
The shock wave is parameterized by the function ϖ(x, z), obeying
where ∇ 2 ⊥ is the Laplacian in the x-space. This equation admits the following solutions, whose holographic counterpart will be briefly addressed later. The simplest profile
on the one hand, and the x-dependent solution
where n is a unit vector. We will use these shockwave profiles below.
Black holes
The black holes of Lovelock theory were exhaustively studied in [10] . In this talk we will just discuss some salient features that are instrumental to their holographic applications. The solutions can be obtained from the ansatz [8, 11, 12 ]
where dΣ σ ,d−2 is the metric of a (d − 2)-dimensional manifold, M , of negative, zero or positive constant curvature (σ = −1, 0, 1 parametrizing the different horizon topologies). A natural frame is given by
where a = 2, . . . , d − 1, andR ab = σẽ a ∧ẽ b . The Riemann 2-form reads
Strikingly enough, if we insert these expressions into the equations of motion, we get after some manipulations a quite simple ordinary differential equation -not for
where g(r) := σ − f (r) r 2 . It can be straightforwardly solved as
where the integration constant, through the Hamiltonian formalism [13] , can be seen to be the space-time mass M times the volume V 
The existence of a black hole horizon requires g + = 0 for planar black holes, and,
for spherical or hyperbolic black holes. In the case of non-planar black holes, the curve (21) can intersect the polynomial at different points. Several branches can display black holes with the same mass or temperature. This entails the possibility of a rich phase diagram, provided that the free energy or entropy of these solutions differ, which turns out to be the case [14, 15, 16] . The plethora of vacua and possibilities for the local behavior of the polynomial ϒ [g] lead to a bestiary of black hole solutions that has been analyzed in depth [10] .
We will just review some features of black holes belonging to the EH branch, 2 which are a sort of distorted Schwarzschild-AdS black holes. When real, the effective cosmological constant associated with this branch, Λ ⋆ , is negative and so the space-time is asymptotically AdS, regardless of the sign of the cosmological constant appearing in the original Lagrangian.
Even though the EH-branch is just a deformation of the usual SchwarzschildAdS black hole, it can be a quite dramatic one. For instance, it may happen that the polynomial has a minimum at g min < 0, such that ϒ [g min ] > 0. Now, by derivation of (20) with respect to the radial variable,
making clear that the metric is regular everywhere except at r = 0 and at points where ϒ ′ [g] = 0. A naked singularity would arise at large radius, r naked , where g(r naked ) = g min . This case was first discussed in [17, 18] for third order Lovelock theory and planar topology, but the same applies in the general case for a vast region of the space of parameters that we call the excluded region (see Fig.1 ). We will assume in what follows that the Lovelock couplings do not belong to the excluded region (in the LGB case, this simply means λ ≤ 1/4). For hyperbolic or planar topology, as this branch always crosses g = 0 with positive slope, it has always a horizon hiding the singularity of the geometry which is located either at r = 0 [(a) type] or at the value r ⋆ corresponding to a maximum of ϒ [g] [(b) type] for which g(r ⋆ ) = g max > 0. Hyperbolic black holes can have a negative mass above a critical value that is nothing but an extremal solution.
The spherical case is quite more involved. For high enough mass, the existence of the horizon is ensured, but this is not the case in general. For the (a) type EH-branch the existence of the horizon is certain for arbitrarily low masses if d > 2K + 1. The critical case, d = 2K + 1, is more subtle. There will be a minimal mass M crit related to the gravitational coupling c K below which a naked singularity appears [10] . For high enough orders of the Lovelock polynomial, multi-horizon black holes can exist but for the critical case, at some point, all of them disappear.
The case of a (b) type branch is simpler. There is a critical value of the mass, M ⋆ , for which the horizon coincides with the singularity, r + = r ⋆ . Below that mass a naked singularity forms. The simplest example is LGB gravity with λ < 0, where the EH branch has a maximum at g max > 0. This is a singularity at finite r that may or may not be naked depending on the value of the mass in relation to M ⋆ ,
For bigger masses we have a well defined horizon while below this bound the singularity is naked. Some aspects of Lovelock black holes thermodynamics have been considered in [19] . The (outermost) event horizon has a well defined (positive) temperature
It is easy to see that large black holes have
Then, dM/dT > 0 and they can be put in equilibrium with a thermal bath. They are locally thermodynamically stable. In general, this will not happen for small black holes, pointing towards the occurrence of Hawking-Page phase transitions, which have been already studied in the case of LGB gravity [20, 21] . One important feature regarding the classical stability of these black holes is that
and, as long as we are in a branch free from BD instabilities, both the radial derivative of the mass and the entropy are positive. This is necessary to discuss classical instability, since the heat capacity reads
and then the only factor that can be negative leading to an instability is
It is not easy to check classical stability in full generality for non-planar black holes, but in the regimes of high and low masses. In the simplest case of planar black holes, the thermodynamic variables do not receive any correction from the higher curvature terms in the action and the expression reduces to the usual formula
This expression is manifestly positive. Therefore, these black holes are locally thermodynamically stable for all values of the mass. This is also the case for maximally degenerated Lovelock theories that admit a single (EH-)branch of black holes [22] . The entropy can be easily obtained by integrating (25) ,
and it coincides with the prescription obtained by other means such as the Wald entropy [23] or the euclideanized on-shell action [24] . For planar horizons this formula reproduces the proportionality of the entropy and the area of the event horizon,
+ , whereas it gets corrections for other topologies. From these quantities we can now compute any other thermodynamic potential such as the Helmholtz free energy,
This magnitude is relevant to analyze the global stability of the solutions for processes at constant temperature. As a function of g + , it has a polynomial of degree 2K − 1 in the numerator. This is the maximal number of zeros that may eventually correspond to Hawking-Page-like phase transitions. Moreover, taking into account that (30) is a sum involving the whole set of branches of the theory, phase transitions involving jumps between different branches are expected [14, 15, 16] .
Holography
The main motivation of our work in Lovelock theory is gaining a better understanding of some aspects of the AdS/CFT correspondence. Since the groundbreaking paper of Juan Maldacena [25] , evidence has been accumulating towards the validity of the following bold statement: a theory of quantum gravity in AdS space-time is equal to a corresponding (dual) CFT living at the boundary. The relation between both descriptions of the same physical system is holographic. A key ingredient of this highly nontrivial statement is given by the recipe to compute holographically correlation functions in the CFT [26, 27] . Restricted to the stress-energy tensor, T ab (x), it reads
where Z g µν is the partition function of quantum gravity, and g µν = g µν (z, x) such that g ab (0, x) = η ab (x). From this expression, correlators of the stress-energy tensor can be obtained by performing functional derivatives of the gravity action with respect to the boundary metric. This, in turn, is simply given by considering gravitational fluctuations around an asymptotically AdS configuration of the theory. In the remainder of this presentation, we will investigate the uses of this framework in the case of Lovelock theory and extract some of its consequences.
CFT unitarity and 2-point functions
Consider a CFT d−1 . The leading singularity of the 2-point function is fully characterized by the central charge C T [28] 
where
whereas I ab (x) = η ab − 2 x a x b /x 2 . For instance, C T is proportional in a CFT 4 to the standard central charge c that multiplies the (Weyl) 2 term in the trace anomaly,
The holographic computation of C T was performed in [29] for LGB, and in [30] for Lovelock theory. According to the AdS/CFT dictionary, it is sufficient 3 to take a metric fluctuation h xy (z, x) := L 2 ⋆ /z 2 φ (z, x) about empty AdS with cosmological constant Λ ⋆ . Expanding (1) to quadratic order in φ , and evaluating it on-shell,
Imposing the boundary conditions φ (0, x) =φ (x), the full bulk solution reads
Plugging this expression into I quad , we obtain
where C T is the central charge of the dual CFT d−1 ,
The upshot of this computation in an AdS vacuum, Λ ⋆ < 0, is thought-provoking:
The latter inequality, in the gravity side, corresponded to the generalized BD condition preventing ghost gravitons in the branch corresponding to the AdS vacuum with cosmological constant Λ ⋆ . Thereby, unitarity of the CFT and the absence of ghosts gravitons in AdS, seem to be the two faces of the same holographic coin.
Positivity of the energy and 3-point functions
The form of the 3-point function of the stress-tensor in a CFT d−1 is highly constrained. In [28, 31] , it was shown that it can always be written in the form
ab,cd,e f + B I (2) ab,cd,e f + C I
where the specific form of the tensor structures I (i) ab,cd,e f is irrelevant for us. Ward identities relate 2-point and 3-point correlation functions, which means that the central charge C T can be written in terms of the parameters A , B and C ,
Nicely enough, an holographic computation of the parameters entering the above formula can be tackled. It is certainly more intricate than that of C T ; thus we omit the details. The result is [18] 
and analogous expressions for B and C , where a i (d) are rational functions of d, the space-time dimensionality. A convenient parametrization of the 3-point function of the stress-energy tensor was introduced in [32] . The idea is to consider a localized insertion of the form 4 dω e −iωt ε jk T jk (x), and to measure the energy flux at light-like future infinity along a certain direction n,
Given a state created by a local gauge invariant operator O = ε i j T i j , since ε i j is a symmetric and traceless polarization tensor, the final answer for the energy flux is fully constrained by conformal symmetry to be [33, 29] 
, (43) where E is the total energy of the insertion, n · ε = n i ε ik , n · ε · n = n i n j ε i j , and
, it is characterized by the two parameters t 2 and t 4 . Being the quotient of 3-point and 2-point correlators, E (n) is fully determined by the parameters A , B and C . In particular [29] ,
and a similar expression for t 4 . We do not care about the latter for the following reason. If the CFT d−1 is supersymmetric, t 4 vanishes [32, 34] . On the other hand, even though there is no proof in the literature showing that Lovelock theories admit a supersymmetric extension, it turns out that the holographic computation suggests that a CFT d−1 with a weakly curved gravitational dual whose dynamics is governed by Lovelock theory has a null value of t 4 [18] ,
The existence of a minus sign in (45) leads to interesting constraints on t 2 , by demanding that the energy flux be positive for any direction n and polarization ε i j . For the tensor, vector and scalar channels, we obtain, respectively,
The vector channel constraint is irrelevant. In any supersymmetric CFT d−1 , therefore, the parameter t 2 has to take values within the window
if the energy flux at infinity is constrained to be positive. For instance, any N = 1 supersymmetric CFT 4 has |t 2 | ≤ 3, with
where a and c are the parameters entering the trace anomaly formula, the bound being saturated for free theories [32] . We can holographically compute t 2 by inserting a shockwave on AdS, which sources the field theory insertion, and considering a metric fluctuation h xy (z, x) := L 2 ⋆ /z 2 φ (z, x) about this background. The 3-point function follows from evaluating on-shell the effective action for the field φ on a particular shockwave solution. The relevant shockwave profile is given by (15) , as discussed in [32] . Up to an overall factor, the cubic vertex is [29] 
The relevant graviton profile [29] 
allows us to impose x = 0 and z = 1 in (50), this yielding the result
We therefore read off, by plugging (52) into (49) and comparing against the expression for E (n) in (45), the holographic prescription for t 2 in Lovelock theory:
and t 4 = 0. Needless to say, this is the same expression we would have gotten by simply plugging the holographic formulas of the parameters A , B and C (41) into (44). Combining (47) and (53), we obtain [17, 18] ,
For instance, Figure 1 LGB [36, 33] and cubic Lovelock [17, 18] gravities, that are related to the lowest possible value of η/s in a dual CFT 6 strongly coupled plasma [30] .
with the dependence of t 2 on the LGB coupling leads to [35, 9] t 2 = 12 1
Notice, in particular, from (48), that a = c corresponds to vanishing t 2 and λ . This suggests that higher curvature corrections are mandatory to study, for instance, four dimensional strongly coupled CFTs with a = c under the light of the gauge/gravity correspondence.
Gravitons thrown onto shock waves must age properly
Consider a shock wave with profile given in (14) in AdS with cosmological constant Λ ⋆ . We would like to analyze the following process. A highly energetic tensor graviton will be thrown from the boundary z = 0 towards the shock wave. 5 This amounts to perturbing the relevant metric up to quadratic order and keeping only those terms involving derivatives like ∂ 2 u , ∂ 2 v and ∂ u ∂ v acting on the perturbation φ :
assuming ϒ ′ [Λ ⋆ ] = 0, which means that the vacuum we are dealing with is nondegenerated. Causality problems arise when the coefficient of ∂ 2 v φ becomes negative. In fact, notice that (56) is a free wave equation except at the locus u = 0. We must only care about the discontinuity of P z for a graviton colliding the shock wave [9, 30] 
while the shift in the light-like time is [18] ∆
Thus, if the quantity in parenthesis is negative, a graviton thrown into the bulk from the AdS boundary, bounces back, landing outside its own light-cone! This is understood as a signal of causality violation. If we repeat this computation for vector and scalar polarizations, we end up with the constant
These are exactly the allowed values for t 2 -once the holographic dictionary has been put into work-, that ensure positivity of the energy in the dual CFT. This ends up, once again, in an alluring match between gravity and gauge theory.
Black holes and plasma instabilities
We could have obtained the results of the previous subsection following a different approach. Consider Lovelock black holes and study the potentials felt by high momentum gravitons exploring the bulk. Close to the boundary, z ≪ z + , for the different helicities [17, 18] 
The argument proceeds as follows [37] . Notice that the potentials are normalized in such a way that their boundary value is 1, while they need to vanish at the black hole horizon. These potentials can be understood as the square of the local speed of gravitons with the corresponding polarization. Even though there is no problem with a graviton whose local speed surpass that of light measured at the boundary, any excess would entail the existence of a local maximum. Therefore, the graviton energy can be fine-tuned in such a way that it stays an arbitrarily large period of time at the top of the potential. Without the need of an explicit knowledge of the geodesic, it is clear that the average speed of the graviton will be bigger than the speed of light at the boundary. Since the graviton bounces back into the boundary, it means that there would be a corresponding excitation in the dual gauge theory that becomes superluminal. This should be forbidden in any sensible theory that respects the principle of relativity.
The conditions c 2 tensor , c 2 scalar ≤ 1 in the vicinity of the boundary lead to the same constraints found before. We can argue that this is due to the fact that the shockwave analysis is related to the current one through a Penrose limit. A more physical interpretation would be that causality violation is not linked to the existence of a black hole solution since it is not due to thermal effects.
Once we consider the current setup, there is a second source for pathologies. If any of the squared potentials becomes negative anywhere, either close to the black hole horizon or deep into the bulk, an imaginary local speed of light will reflect an instability of the system. This ceases to exist in the absence of a black hole. Thus, it seems natural to identify it with a thermal feature of the CFT. They should correspond to plasma instabilities [29] . Analogously to what happens with the restrictions coming from the window of allowed values for t 2 , these restrictions further constrain the values that Lovelock couplings can take in a sensible theory [30] . This is explicitly shown in Figure 1 for the case of cubic Lovelock theory in d = 7. There, the region of Lovelock couplings leading to causal and stable physics is given by a connected and compact vicinity of the EH-point (λ = µ = 0).
Final comments
The study of higher curvature gravity in the context of the AdS/CFT correspondence appears, at the least, as a territory worth exploring. It allows to further understand how profound concepts of quantum field theory might be linked, holographically, to comparable deep concepts in the realm of gravity. Some examples were briefly presented above, such as the relation between positivity of the energy in the CFT and a certain kind of causality violation in the dual gravitational theory. We have not discussed, although they exist [30] , other sources of causality violation occurring in the bulk, which do not seem to be related to pathologies inherited from the 3-point stress-energy tensor correlators in the dual CFT.
Lovelock theories are remarkable in that lots of physically relevant information is encoded in the polynomial ϒ [g] . BD instabilities, for instance, can be simply written as ϒ ′ [Λ ⋆ ] < 0, which has a beautiful counterpart telling us that the central charge of the dual CFT, C T , has to be positive. This is unitarity. Now, ϒ ′ [Λ ⋆ ] is the asymptotic value of the quantity ϒ ′ [g], the latter being meaningful in the interior of the geometry, and positive along the corresponding branch. Recalling that naked singularities take place at extremal points of ϒ [g] further suggests that ϒ ′ [g] might be a meaningful entry in the holographic dictionary (see [38] for related ideas).
In spite of the higher dimensional nature of Lovelock theory, it is important to mention that there are lower dimensional gravities, dubbed quasi-topological, whose black hole solutions are alike those discussed in this talk. Many of the results presented above are pertinent in those "more physical" setups of AdS/CFT [39] .
